Introduction {#s1}
============

The discovery of T-cell checkpoints, and the subsequent development of clinical checkpoint blockades, have revolutionized cancer treatment.[@R1] Unfortunately, while the enthusiasm surrounding checkpoint-blocking antibodies remains justifiably strong, it is becoming apparent that these therapies require an immunologically "hot" tumor microenvironment due to their dependence on existing antitumor immune responses.[@R2] Since many tumors initially present as immunologically "cold," significant interest currently exists around identifying combination therapies involving checkpoint blockade and agents, which can alter the immunological set point of tumors creating a "hot" tumor microenvironment.[@R4]

Oncolytic virotherapy (OV) represents a form of localized immunotherapy in which cancer-tropic viruses are used to alter the immunological profiles of treated tumors.[@R5] One of the major proposed advantages of OV is the self-amplifying nature of the therapeutic viruses. Theoretically, this self-amplification allows for therapy to be initiated with relatively low inoculating doses which subsequently expand in vivo, increasing the treatment logarithmically. Unfortunately, despite clear evidence that oncolytic viruses do expand during human therapy, a variety of phase I clinical trials (which compare several initial viral doses) have repeatedly demonstrated that efficacy is more often observed following treatment with high doses of virus.[@R6] Similarly, a phase II dose-finding trial involving the oncolytic vaccinia virus JX594 was stopped prematurely when the early results clearly indicated that higher dose correlated with significantly improved survival.[@R11] These results suggest that, in clinical settings, the overall efficacy of OV remains highly dose dependent and no obvious correlation exists between intratumorous viral replication and patient outcomes.[@R6] To date, however, no clear explanation for this apparent contradiction has been proposed.

We have previously shown that myxoma virus (MYXV)-based OV displays strong synergy with programmed cell death protein 1 (PD1) blockade.[@R12] As translation of this type of combination therapy becomes feasible, however, it is critical to gain a more complete understanding of how therapeutic dose impacts likely outcomes. In the current work, we expand on our previous findings and show that, while viral burden within MYXV-treated tumors rapidly normalizes due to in vivo amplification, improvements to the immunological status of treated tumors and therapeutic synergy with PD1 blockade are observed only following high initial oncolytic doses. These data provide a potential mechanistic explanation for the repeated clinical observation that "more oncolytic virus is better."

Methods {#s2}
=======

Cell lines and reagents {#s2-1}
-----------------------

B16/F10 cells (catalog no CRL-6475) were purchased from American Type Culture Collection (Manassas, Virginia, USA). MYXV (strain Lausanne)-expressing GFP from an intergenic region between the *m135r* and *m136r* viral open reading frames has been described elsewhere.[@R13] The following antibodies were used in these studies: for flow cytometry: CD3 (clone 145-2 c11), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD45 (clone 30-F11), and CD44 (clone IM7) and for PD1 blockade: anti-PD1 (clone RMP1-14) (BioXcell, West Lebanon, New Hampshire, USA).

In vivo tumor models {#s2-2}
--------------------

C57/B6 mice of 6--8 weeks old (Charles River Laboratories, Raleigh, North Carolina, USA) were injected subcutaneously with 4×10^5^ B16/F10 cells in 50 μL of sterile phosphate-buffered saline. Viral treatment consisted of three intratumorous injections of either saline or the indicated dosage of MYXV expressing GFP on days 7, 9, and 11 post-tumor implantation. For efficacy studies, tumor area was monitored using calipers and tumor burden calculated using the formula (tumor area in mm^2^=L×W). For immunological and tumor analysis, tumors were excised, transferred onto a 40 µm nylon mesh filter, and mechanically separated into a single cell suspension. Total viral burden was determined by assaying the cellular fraction for infectious particles using standard viral foci forming assays.[@R14] TIL were analyzed by staining the cellular fraction for CD45, CD3, CD4, and CD8 using standard methodologies.[@R13] All analyses shown are pregated on single, viable events. IFN-γ concentration was measured from the soluble fraction of disassociated tumors using the OPTEIA duo ELISA kit (catalog no 551866; BD Biosciences, Franklin Lakes, New Jersey, USA) per manufacturer's recommendations. All experiments were conducted in accordance with the Medical University of South Carolina Institutional Animal Care and Use Committee.

RNAseq and bioinformatics {#s2-3}
-------------------------

For gene expression analysis, tumors were excised on Day 4 after the initiation of treatment and disassociated into single cell suspensions over a 40 µm nylon mesh filter. Cells were then pelleted, total RNA extracted using an RNeasy kit (Qiagen, Hilden Germany), and RNAseq performed by Novogene using an Illumina sequencer. Greater than 35M reads were obtained for all samples which were aligned to the mm10 murine reference genome. Principal component analysis was performed using Rstudio and visualized using the ggbiplot package. Unsupervised hierarchical clustering was performed using the edgeR and gplot R packages.

Results {#s3}
=======

Efficacy of OV is independent of initial dose in the absence of checkpoint blockade {#s3-1}
-----------------------------------------------------------------------------------

To begin to understand the impact of oncolytic dose on therapeutic efficacy, we initially asked how established tumors would respond to injection of differing amounts of oncolytic MYXV. Syngeneic C57/B6 mice were injected subcutaneously with 4×10^5^ B16/F10 cells and tumors allowed to establish until they reached \~25 mm^2^. Tumors were then treated with three injections of either 1×10^7^, 1×10^6^, or 1×10^5^ foci-forming units (FFU) of MYXV injected intratumorously ([figure 1A](#F1){ref-type="fig"}) and tumor growth subsequently tracked for 14 days ([figure 1B, C](#F1){ref-type="fig"}). Consistent with previous results,[@R12] treatment of established B16/F10 tumors with 1×10^7^ FFU of MYXV resulted in delayed tumor growth and reduced tumor mass. Interestingly, a similar reduction in tumor growth was observed following injection of either 1×10^6^ or 1×10^5^ FFU of MYXV suggesting that, in this context, treatment outcome was independent of initial dose. Consistent with the proposed in vivo self-amplification of oncolytic viruses, analysis of viral burden within tumors also demonstrated that the total amount of infectious particles present 13 days after treatment was similar across all three initial dosages ([figure 1D](#F1){ref-type="fig"}). To further examine the potential normalization of viral burden in vivo, we repeated the experiment above treating tumors with either a high dose of virus (1×10^6^ FFU) or a low dose (1×10^4^). Tumors were subsequently harvested either 2 or 8 days post-treatment and analyzed for the direct impact of viral infection. Consistent with the 2-log difference in input virus, a significant variance existed between viral burdens in tumors treated with high or low doses 2 days after treatment. This difference, however, rapidly vanished with tumors treated at either dose displaying statistically indistinguishable viral loads by Day 8 ([figure 1E](#F1){ref-type="fig"}). Examination of the number of infected cells revealed a similar phenomenon with tumor sections at Day 8 displaying similar numbers of green flourescent protein (GFP^+^) foci ([figure 1F](#F1){ref-type="fig"}) as well as similar numbers of total GFP^+^ cells ([figure 1G](#F1){ref-type="fig"}). Consistent with the previously observed dose-independent delays in tumor growth, both high- and low-dose treatments also caused similar levels of necrotic tissue within treated tumors ([figure 1H](#F1){ref-type="fig"}). Taken together, these data support the proposed in vivo amplification of oncolytic viruses and suggest that, in a highly immune suppressive setting where the efficacy of adaptive antitumor immunity is highly blunted,[@R12] treatment outcome is largely independent of initial dose.

![Total load of oncolytic virus normalizes in vivo independent of initial dose. (A) Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10 cells. Once tumors reached \~25 mm^2^, animals were either mock treated (n=8) or treated with three intratumorous injections of either 1×10^7^ (n=7), 1×10^6^ (n=8), or 1×10^5^ (n=8) foci forming units (FFU) of myxoma virus (MYXV). (B) Average tumor area (mm^2^) for each treatment over time. (C) Total tumor mass on day 13. (D) Quantitation of infectious virus in each tumor. Data are normalized to tumor mass and displayed as FFU/gram tissue. (E--H) Tumors were established in mice as above and treated with either a high dose (1×10^6^ FFU, n=6) or a low dose (1×10^4^ FFU, n=6) of MYXV. (E) Quantitation of infectious virus in each tumor either 2 days or 8 days after treatment. Data are normalized to tumor mass and displayed as FFU/gram tissue. (F) Visual depiction of GFP^+^ viral foci in snap-frozen tumor sections. (G) Quantitation of the number of GFP^+^ tumor cells presents in each tumor at Day 8. (H) Representative images of H&E-stained tumor sections from each treatment group. Viable tumor is visualized as purple regions while necrotic tumor is visualized as pink. Statistical significance was determined using unpaired Student's t-test (N.S., \*p\<0.05, \*\*\*p\<0.001). N.S., not significant.](jitc-2020-000804f01){#F1}

OV-based changes to the immunological set point of tumors are dose dependent {#s3-2}
----------------------------------------------------------------------------

Our previous results suggested that, due to in vivo viral amplification, the impact of direct oncolytic lysis is independent of initial viral dose. However, human trials have suggested that the primary mechanism responsible for OV's clinical efficacy is modulation of the tumor microenvironment and changing of the immunological set point. We therefore wanted to examine the impact of initial viral dose on the ability of OV to create an immunologically 'hot' tumor. Syngeneic C57/B6 mice were injected subcutaneously with 4×10^5^ B16/F10 cells and tumors allowed to establish until they reached \~25 mm^2^ and subsequently treated with three injections of either 1×10^7^, 1×10^6^, 1×10^5^ or 1×10^4^ FFU of MYXV. Tumors were then harvested 4 days after treatment and the overall status of the tumor microenvironment examined using RNAseq. Interestingly, despite our previous results suggesting that varying viral doses resulted in similar delays in tumor growth, principle component analysis of the resulting data sets indicated that tumors treated with high viral doses (1×10^7^ or 1×10^6^ FFU) displayed highly distinct gene signatures compared with tumors treated with low viral doses (1×10^5^ or 1×10^4^ FFU) ([figure 2A](#F2){ref-type="fig"}). This was further supported by unsupervised hierarchical clustering of gene expression which clearly segregated high-dose and low-dose treated tumors ([figure 2B](#F2){ref-type="fig"}). Analysis of the drivers of this segregation revealed both a specific gene signature which did not clearly map to any one cellular pathway as well as clear signatures corresponding to increases in both innate and adaptive immunity ([figure 2C](#F2){ref-type="fig"}). Flow cytometric analysis further confirmed that only treatment with high doses of oncolytic virus increased numbers of CD8^+^ T cells and total tumor-infiltrating lymphocytes (TILs) ([figure 2D](#F2){ref-type="fig"}). Additionally, only high-dose OV was able to induce expression of the effector molecule interferon-γ (IFN-γ) ([figure 2E](#F2){ref-type="fig"}). Similar results were observed in the Lewis Lung-A9F1 carcinoma model although in this model the immunological changes were limited to increased CD8^+^ T-cell numbers ([online supplementary figure S1](#SP1){ref-type="supplementary-material"}). Taken together these data suggest that, despite rapidly normalizing viral burdens due to in vivo viral amplification, altering the immunological set point of tumors requires treatment with high initial viral doses.
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![Only high-dose oncolytic therapy improves a tumor's immunological status. Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10 cells. Once tumors reached \~25 mm^2^, animals were either mock treated or treated with two intratumorous injections of either 1×10^7^, 1×10^6^, 1×10^5^, or 1×10^4^ foci forming units (FFU) of myxoma virus (MYXV) (n=3/group). Tumors were harvested 4 days after initiation of treatment and overall gene expression patterns analyzed using RNAseq. (A) Principle component analysis of resulting gene expression profiles indicating treatments cluster into two distinct groups. (B) Hierarchical clustering analysis of gene expression profiles. (C) Visualization of expression profiles from specific gene clusters in mice treated with either 1×10^6^ or 1×10^4^ FFU of MYXV. Clusters include a unique gene set made up of 10 most significantly altered genes between the two groups, two curated gene sets made up of known molecules involved in adaptive or innate immunity. (D) Abundance of total CD45^+^ cells, CD8^+^ T cells, or CD4^+^ T cells within tumors treated as indicated measured by flow cytometry. (E) Abundance of the T-cell effector molecule interferon-γ within tumors treated as indicated measured by ELISA. Statistical significance was determined using unpaired Student's t-test (\*\*\*p\<0.001). IFNg, interferon gamma.](jitc-2020-000804f02){#F2}

Altering the immunological set point of tumors requires viral replication {#s3-3}
-------------------------------------------------------------------------

There is currently no real consensus within the field as to whether active viral replication within tumors is required for effective OV.[@R15] Multiple groups have shown that inactivated or non-replicative oncolytic virus remains highly effective,[@R16] while other groups have suggested that inactivation of the virus eliminates its therapeutic efficacy.[@R19] Since our data suggested that OV-induced changes to the immunological set point of tumors were impacted more by initial oncolytic dose than total viral load, we next asked whether intratumorous replication of virus was required for these changes. Syngeneic C57/B6 mice were injected subcutaneously with 4×10^5^ B16/F10 cells and tumors allowed to establish until they reached \~25 mm^2^. Tumors were then treated with three injections of either a high dose (1×10^6^ FFU) or low dose (1×10^4^ FFU) of viable or heat-inactivated MYXV ([figure 3A](#F3){ref-type="fig"}) and then analyzed 8 days after the initiation of treatment. Consistent with our previous results ([figure 1E](#F1){ref-type="fig"}), we observed that the total viral load within tumors treated with either high or low doses of viable MYXV completely normalized by 8 days after treatment ([figure 3B](#F3){ref-type="fig"}). Only high-dose treatment, however, resulted in increased numbers of total CD45^+^ cells, CD8^+^ cells, and IFN-γ ([figure 3C, D](#F3){ref-type="fig"}). In contrast, even tumors treated with high doses of heat-inactivated virus showed no increase in immune infiltration or IFN-γ levels. These data suggest that, while total viral burden is not predictive of immunological response, some level of productive viral replication is required to induce these changes.

![Heat-inactivated mxyoma virus (MXYV) is not sufficient to improve the immunological status of tumors. (A) Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10 cells. Once tumors reached \~25 mm^2^, animals were either mock treated or treated with three intratumorous injections of either a high dose (1×10^6^ foci forming units (FFU)) or low dose (1×10^4^ FFU) of live or heat-inactivated MYXV (n=5/group). Tumors were harvested 8 days after initiation of treatment for analysis. (B) Quantitation of infectious virus in each tumor. Data are normalized to tumor mass and displayed as FFU/gram tissue. (C) Abundance of total CD45^+^ cells, CD8^+^ T cells, or CD4^+^ T cells within tumors treated as indicated measured by flow cytometry. (D) Abundance of the T-cell effector molecule interferon-γ within tumors treated as indicated measured by ELISA. Statistical significance was determined using unpaired Student's t-test (\*p\<0.05, \*\*p\<0.01). IFNg, interferon gamma.](jitc-2020-000804f03){#F3}

Ineffective initial doses of OV do not prevent effective secondary treatment with higher doses {#s3-4}
----------------------------------------------------------------------------------------------

One possible explanation for why low initial doses of OV were ineffective is that suboptimal initial dosing results in the generation of some form of immunological tolerance. This could be achieved either through a true immunological tolerizing response or through low levels of viral infection setting up an active immunological blockade (possibly through secretion of viral immune inhibitors). To test whether either of these possibilities was occurring in our experiments, B16/F10 tumors were established as above and then treated with an initial low dose of MYXV (1×10^4^ FFU) followed by two additional injections of a high initial dose (1×10^6^ FFU). The standard treatment regimens of three high or three low doses of virus were included as controls ([figure 4A](#F4){ref-type="fig"}). Eight days after the initial low-dose injection, all tumors were harvested and analyzed for viral burden and immunological response. Consistent with our previous results, all treatment regimens displayed statistically indistinguishable total viral loads 8 days after treatment ([figure 4B](#F4){ref-type="fig"}). Additionally, while initial low-dose OV treatments were not sufficient to achieve an immunological response, pretreatment with this ineffective dose did not preclude subsequent immunological responses in either total immune infiltration or IFN-γ levels following treatment with a higher dose ([figure 4C, D](#F4){ref-type="fig"}). A minor reduction in CD8+ T-cell infiltration was noted following initial low-dose treatment; however, we attribute this to the slightly reduced time to analysis following high-dose injection (8 days for all high-dose treatments versus 6 days for initial low dose, followed by secondary high dose). Taken together, these data suggest that low-dose OV is ineffective due to a failure to reach some necessary threshold and not due to an active immunological blockade.

![Treatment with low doses of oncolytic virus does not prevent immunological improvement on secondary treatment with high doses. (A) Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10 cells. Once tumors reached \~25 mm^2^, animals were either mock treated, treated with three intratumorous injections of either a high dose (1×10^6^ foci forming units (FFU)) or low dose (1×10^4^ FFU) of myxoma virus (MYXV) or treated with a single low dose of virus followed by two secondary treatments with high dose (LOW/HIGH) (n=5/group). Tumors were harvested 8 days after initiation of treatment for analysis. (B) Quantitation of infectious virus in each tumor. Data are normalized to tumor mass and displayed as FFU/gram tissue. (C) Abundance of total CD45^+^ cells, CD8^+^ T cells or CD4^+^ T cells within tumors treated as indicated measured by flow cytometry. (D) Abundance of the T-cell effector molecule interferon-γ within tumors treated as indicated measured by ELISA. Statistical significance was determined using unpaired Student's t-test (\*p\<0.05, N.S.). IFNg, interferon gamma; N.S., not significant.](jitc-2020-000804f04){#F4}

Initial oncolytic dose results in durable immunological programming {#s3-5}
-------------------------------------------------------------------

Our previous results suggested that only high-dose OV altered the immunological set point of tumors at early time points after treatment ([figure 2](#F2){ref-type="fig"}), however, viral burden rapidly normalized following either high-dose or low-dose treatment ([figure 1](#F1){ref-type="fig"}). We therefore wanted to know whether treatment with low-dose OV would result in immunological changes after a short delay. Syngeneic C57/B6 mice were injected subcutaneously with 4×10^5^ B16/F10 cells and tumors allowed to establish until they reached \~25 mm^2^. Tumors were then treated with three injections of either a high dose (1×10^6^ FFU) or low dose (1×10^4^ FFU) of MYXV and subsequently analyzed 2, 4, 8, or 12 days after the initiation of treatment ([figure 5A](#F5){ref-type="fig"}). Consistent with our previous results ([figure 1E](#F1){ref-type="fig"}), analysis of infectious particles within treated tumors demonstrated a significant difference immediately following high-dose versus low-dose treatment. This difference, however, disappeared by 4 days post-treatment and viral burden remained statistically indistinguishable at both 8 and 12 days ([figure 5B](#F5){ref-type="fig"}). In contrast to this rapid normalization of viral burden, low-dose OV failed to induce: (1) the previously identified high-dose specific gene signature ([figure 5C](#F5){ref-type="fig"}), (2) a gene signature consistent with alteration of the tumor immunological set point ([figure 5D](#F5){ref-type="fig"}), (3) increased infiltration of either total TIL or CD8^+^ T cells ([figure 5E](#F5){ref-type="fig"}), or (4) increased production of IFN-γ ([figure 5F](#F5){ref-type="fig"}) by Day 12 after treatment. These data suggest that, despite normalizations in total viral burden, the immunological responses to OV are durably programmed based on the initial viral dosage.

![Initial oncolytic dose determines a durable immunological program. (A) Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10 cells. Once tumors reached \~25 mm^2^, animals were either mock treated or treated with three intratumorous injections of either a high (1×10^6^ foci forming units (FFU)) or low (1×10^4^ FFU) oncolytic dose of myxoma virus (MYXV). Tumors were then harvested 2, 4, 8, or 12 days after the initiation of treatment (n=5/time point/dose). (B) Quantitation of infectious virus in each tumor at each time point. Data are normalized to tumor mass and displayed as FFU/gram tissue. (C) Expression of the top 10 most significantly altered genes 4, 8, and 12 days post-treatment measured by quantitative-polylmerase chain reaction (qt-PCR). (D) Expression of a curated gene set made up of known adaptive immune mediators 4, 8, and 12 days post-treatment measured by qt-PCR. (E) Abundance of total CD45^+^ cells, CD8^+^ T cells, or CD4^+^ T cells within tumors treated as indicated at 4, 8, or 12 days post-treatment measured by flow cytometry. (E) Abundance of the T-cell effector molecule interferon-γ within tumors treated as indicated at 4, 8, or 12 days post-treatment measured by ELISA. Statistical significance was determined using unpaired Student's t-test (\*\*\*p\<0.001). IFNg, interferon gamma.](jitc-2020-000804f05){#F5}

Therapeutic synergy between OV and PD1 blockade is dose dependent {#s3-6}
-----------------------------------------------------------------

We have previously shown that MYXV-based OV displays strong therapeutic synergy with PD1 blockade.[@R12] Since our new data suggested that OV's ability to alter the immunological set point of a tumor is dose dependent, we wanted to expand on our previous studies by analyzing whether the synergy displayed between MYXV and α-PD1 was impacted by initial oncolytic dose. Syngeneic C57/B6 mice were injected subcutaneously with 4×10^5^ B16/F10 cells and tumors allowed to establish until they reached \~25 mm^2^. Tumors were then treated with three injections of 1×10^7^, 1×10^6^ or 1×10^5^ FFU of MYXV as well as intraperitoneal injections of PD1-blocking antibody ([figure 6A](#F6){ref-type="fig"}). Tumor burden was then monitored every other day for 18 days to determine therapeutic efficacy. The results indicated that mice treated with MYXV and αPD1 displayed delayed tumor growth ([figure 6B](#F6){ref-type="fig"}) and significantly reduced tumor burden at Day 11 ([figure 6C](#F6){ref-type="fig"}) compared with mock-treated controls as well as prolonged overall survival ([online supplementary figure S2](#SP1){ref-type="supplementary-material"}). Interestingly, unlike MYXV-based treatment in the absence of PD1 blockade ([figure 1](#F1){ref-type="fig"}), delays in tumor growth now displayed a strong dose dependence with higher initial doses of virus resulting in improved therapeutic outcomes. A similar dose dependence was observed in a B16/F10 model, which is inherently susceptible to MYXV therapy due to genetic deficiency in programmed death ligand 1 expression ([figure 6D--F](#F6){ref-type="fig"}, [online supplementary figure S3](#SP1){ref-type="supplementary-material"}).

![Efficacy of combined oncolytic virotherapy/programmed cell death protein 1 (PD1) blockade therapy is dose dependent. (A) Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10 cells. Once tumors reached \~25 mm^2^, animals were either mock treated or treated with three intratumorous injections of 1×10^7^, 1×10^6^, or 1×10^5^ foci forming units (FFU) of myxoma virus (MYXV) (n=10+/group). Animals were subsequently given intraperitoneal injections of PD1-blocking antibody and monitored for tumor burden every other day. (B) Average tumor area (mm^2^) for each treatment over time. (C) Total tumor area on day 11. (D) Schematic diagram of experimental design. C57/B6 mice were injected subcutaneously with B16/F10-PDL1^-/-^ cells.[@R12] Once tumors reached \~25 mm^2^, animals were either mock treated or treated with three intratumorous injections of 1×10^7^, 1×10^6^, or 1×10^5^ FFU of MYXV (n=7+/group) and monitored for tumor burden every other day. (E) Average tumor area (mm^2^) for each treatment over time. (F) Total tumor area on day 11. Statistical significance was determined using unpaired Student's t-test (\*\*\*p\<0.001). PDL1, programmed death-ligand 1.](jitc-2020-000804f06){#F6}

Discussion {#s3-7}
----------

One of the major proposed advantages of OV is the self-amplification of the therapeutic viruses. This amplification theoretically allows for treatment to be initiated by relatively low doses of virus which subsequently expand in vivo enhancing the therapeutic efficacy. In contrast to this theory, human trials have demonstrated that the clinical application of OV displays a relatively strong dose dependence with more virus typically being associated with better outcomes.[@R6] Here we show that the total viral burden within treated tumors rapidly normalizes across at least 3 logs regardless of initial oncolytic dose ([figures 1--4](#F1 F2 F3 F4){ref-type="fig"}). In striking contrast to this normalization, however, the ability of OV to induce changes to a tumor's immunological profile displays strong dose dependence. High doses (\>1×10^6^ FFU in our experiments) were able to induce substantial changes to overall gene expression within the tumor microenvironment including significant increases in total TIL and CD8^+^ T cells which are likely essential for therapeutic success ([figure 2](#F2){ref-type="fig"}). Critically, these changes could not be observed following low-dose therapy (\<1×10^6^ FFU) even 8 days after viral burden appeared to normalize ([figure 5](#F5){ref-type="fig"}). Interestingly, this cut-off appeared quite distinct in our experiments with tumorous gene expression profiles clustering into "hot" and "cold" groups as opposed to a more linear dose dependence ([figure 2A, B](#F2){ref-type="fig"}). This result suggests that some threshold might exist which determines the ability of OV to induce inflammation. Oncolytic doses below this threshold would likely fail to improve immunological status, while oncolytic doses above the threshold would be successful. While our studies identify this threshold as 1×10^6^ FFU in our model, it is unlikely that this number represents the required oncolytic dose for all tumors. Additional work is therefore needed to identify the various factors which might influence the dose required to alter the immunological status of a given tumor. There are likely numerous such factors; however, a few obvious candidates might include tumor size, tumor location, existing immunological status, and susceptibility of tumor to initial viral infection.

Critically, while in vivo viral amplification following low-dose therapy did not appear to induce improvements in immunological status, some form of viral replication was required since even high-dose treatment with heat-inactivated MYXV failed to alter a tumor's immune set point ([figure 3](#F3){ref-type="fig"}). Additionally, while initial treatment with low-dose OV failed to induce immunological improvements, it also did not appear to preclude these improvements following a secondary rescue treatment with high-dose OV ([figure 4](#F4){ref-type="fig"}). This is consistent with limited results in human patients treated with Imlygic who, having failed a first course of treatment, subsequently responded to an identical second course (K Shirai, personal communication). These data suggest that any potential therapeutic threshold which exists might be fluid with the effective oncolytic dose required to achieve immunological improvements potentially changing over time.

Finally, it should be noted that our results were obtained using oncolytic MYXV. Unlike most oncolytic viruses, MYXV displays relatively slow rates of spread in vivo due to its failure to produce significant amounts of extracellular-free virions. This is clearly observed in our current results since the maximum rate of infection seen in tumors treated with even high doses of MYXV remains 4% ([figure 1](#F1){ref-type="fig"}). It is therefore possible that lower doses of oncolytic viruses which display more rapid spread (such as measles or vesicular stomatitis virus) might be more readily able to alter the immunological set point of tumors. Alternatively, achieving an immunological response with these viruses could also display an initial dose dependence; however, the threshold required to reach this might be lower due to the higher rate of viral spread in vivo. In this regard, it would be interesting to compare the effective oncolytic dose of various viruses with each virus's in vivo spread to determine whether more rapid viral spread (as opposed to high intracellular viral burden) allowed for reduced initial dose. In contrast, each oncolytic virus contains its own series of pathogen associated molecular pattern (PAMPs) as well as encoding its own immune modulatory repertoire. The intrinsic biological properties of each oncolytic virus could therefore play a significant role in its ability to alter the tumor immune profile at various dosages. Critically, little work has been done comparing various oncolytic platforms to each other in vivo. Whether the inherent inflammatory properties of each virus impact OV's ability to induce intratumorous inflammation therefore remains poorly understood.
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